a2 United States Patent

Janik et al.

US009134227B2

US 9,134,227 B2
Sep. 15, 2015

(10) Patent No.:
(45) Date of Patent:

(54)

(735)

(73)

")

@

(22)

(86)

87

(65)

(30)

Nov. 2, 2009

(1)

METHOD FOR DETERMINING
POLYCYCLIC AROMATIC HYDROCARBON
CONTAMINANT CONCENTRATION

Inventors: Leslie Joseph Janik, South Australia
(AU); Andreas Paul Loibner,
Wolfsgraben (AT); Juergen Kattner,
Vienna (AT); Eva Edelmann, Stockerau
(AT)

UNIVERSITAT FUR
BODENKULTER WIEN, Vienna (AT);
Leslie Joseph Janik, South Australia
(AU)

Assignees:

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 556 days.
Appl. No.: 13/504,977
PCT Filed: Oct. 21,2010

PCT No.:

§371 (D),
(2), (4) Date:

PCT/EP2010/065911

Aug. 13,2012

PCT Pub. No.: 'WO02011/051166
PCT Pub. Date: May 5, 2011

Prior Publication Data

US 2012/0318982 Al Dec. 20, 2012
Foreign Application Priority Data

(EP) 09174729

Int. Cl1.
G01J 5/02
GOIN 21/3563

(2006.01)
(2014.01)

(Continued)

(52) US.CL
CPC ... GOIN 21/3563 (2013.01); GOIN 21/274
(2013.01); GOIN 21/314 (2013.01);
(Continued)
(58) Field of Classification Search

CPC .......... GOIN 21/3563; GOIN 21/359; GOIN
21/3577; GOIN 21/552; GOIN 21/3504
USPC i 250/339.11

See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

8,759,775 B2* 6/2014 Forrester etal. ......... 250/339.12
2003/0200040 Al* 10/2003 Tryggetal. ..o 702/85

(Continued)
OTHER PUBLICATIONS

Reeves et al., Mid-infrared Diffuse Reflectance Spectroscopy for the
Quantitative Analysis of Agricultural Soils, 2001, J. Agric. Food
Chem., vol. 49, pp. 766-772.*

(Continued)

Primary Examiner — Christine Sung
(74) Attorney, Agent, or Firm — Nixon & Vanderhye P.C.

(57) ABSTRACT

Method for determining polycyclic aromatic hydrocarbon
(PAH) concentration in a solid state sample. The method
includes exposing the sample to diffuse reflectance infrared
spectroscopy, recording at least one spectroscopic parameter
of infrared diftuse reflection of the sample, which is a signal
obtained at one or more frequencies within a range of fre-
quencies (+/-10 cm™") selected from the group consisting of
3000-3100 cm™, 740, 777, 814, 842, 1430, 1510, 1600,
4055-4056, 4642-4646, 5924, and 5951-5953 cm™, and per-
forming data analysis by correlating the at least one spectro-
scopic parameter with variables of a trained multivariate cali-
bration model related to PAH concentrations, thereby
determining PAH concentrations in the sample.

16 Claims, 16 Drawing Sheets

3 2 i q
PLE FAKDTOTAL 2.. . X-expt 2% 2% Y-oxpl. 9% 62%

10000 | Regression Goefficients, (6)

5000 —|

0

5000

-10000 —]

X-Varisbles

31723

314145 311059 307874  J045.88 01602 2987.17



US 9,134,227 B2
Page 2

(51) Int.CL
GOIN 21727 (2006.01)
GOIN 21731 (2006.01)
GOIN 21/93 (2006.01)
GOIN 21/3504 (2014.01)
GOIN 21/3577 (2014.01)
GOIN 21/359 (2014.01)
GOIN 21/552 (2014.01)
GOIN 21/35 (2014.01)
(52) US.CL
CPC ... GOIN 21/93 (2013.01); GOIN 21/3504

(2013.01); GOIN 21/359 (2013.01); GOIN
21/3577 (2013.01); GOIN 21/552 (2013.01);
GOIN 2021/3133 (2013.01); GOIN 2021/3155
(2013.01); GOIN 2021/3595 (2013.01); GOIN
2201/1293 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

2012/0153160 Al* 6/2012 Forresteretal. ........... 250/341.8
2012/0226653 Al* 9/2012 McLaughlin etal. ........ 706/52
OTHER PUBLICATIONS

Janik et al., Can mid infrared diffuse reflectance analysis replace soil
extractions?, 1998, Australian Journal of Experimental Agriculture,
vol. 38, pp. 681-696.*

Gordon et al., Characterization of Aerosol Organics by Diffuse
Reflectance Fourier Transform Infrared Spectroscopy, 1988,
Environ. Sci. Technol., vol. 22, pp. 672-677.*

Hudgins et al., Infrared Spectroscopy of Matrix Isolated Polycyclic
Aromatic Hydrocarbons. 1. PAHs Containing Two to Four Rings,
1998, J. Phys. Chem. A, vol. 102, pp. 329-343.*

Kang, Minsun, Quantification of Soil Organic Carbon Using Mid-
and Near-Drift Spectroscopy, Aug. 2002, pp. 1-74.*

Madari, B. E., et al; “Mid- and near-infrared spectroscopic assess-
ment of soil compositional parameters and structural indices in two
Ferralsols”; Geoderma, vol. 136, No. 1-2, pp. 245-259 (2006)
XP025238053.

Bray, J.G.P,, et al; “Diagnostic screening of urban soil contaminants
using diffuse reflectance spectroscopy”; Australian Journal of Soil
Research, vol. 47, No. 4, pp. 433-442 (2009) XP008120983.
Zimmermann, et al; “Quantifying soil organic carbon fractions by
infrared-spectroscopy”; Soil Biology and Biochemistry, vol. 39, No.
1, pp. 224-231 (2006) XP005770678.

Viscarra, Rossel R.A, et al; “Visible, near infrared, mid infrared or
combined diffuse reflectance spectroscopy for simultaneous assess-
ment of various soil properties”; Geoderma, vol. 131, No. 1-2, pp.
59-75 (2006) XP025238263.

EPO Examination Report (Communication pursuant to Article 94(3)
EPC), dated Jul. 4, 2014, issued in the European Counterpart Appli-
cation No. 10768238.7 (4 pgs).

New Zealand First Examination Report dated Feb. 21, 2013, IP No.
599772 (2 pgs).

A Thesis by Kang, Misun; “Quantification of Soil, Organic Carbon
Using Mid- and Near-Drift Spectroscopy” dated Aug. 2002 (74 pgs).

* cited by examiner



US 9,134,227 B2

Sheet 1 of 16

Sep. 15, 2015

U.S. Patent

| B4

%Z9 %EE [Idxa-A %Z' %ZB (10Xa-X ' 7 WLOLOMVd 51d

f 5 ¢ __ i ¢ il

£Dd .
........................................................................................... m H-I

ooa, i
2 o : Qn_ ]
.......................................................................................... m._”_
e |
........................................................................................... H—.F
831035 &d




US 9,134,227 B2

Sheet 2 of 16

Sep. 15, 2015

U.S. Patent

N E
_ L1786 c0°8L0E 88°8v0E F....mhn_m mm-mp—m SFIFlE EZ1E
} | } l }
SOfGELEA-X
” ....................................... [ .......................... — -“—-”—:_”——-I
Sy -
” u..x_\ B
v i
..mw B
.................... P T “_u_._” EE T T T T — —H__H-_H_ml
Mr.....,.,.. m.m. . H
M / / |
,.“_. —
..//. e . .\w. _H—
. ,,,, . ! -
AAIL> ﬂ, -/ i
. . .m —
_,.__n. ____ I~
.......................... _ﬂ/,«m — O00g
. i
q - :
............................. .N-. .qom e e e e e e e e e e e e e e e e e e e e e e e e — :D:H——-
{g) sjuaidiyjoon uoissaibay




US 9,134,227 B2

Sheet 3 of 16

Sep. 15, 2015

U.S. Patent

I

1230474 B|QeUeA " TTE WLOL0MYd S1d

&0 _Un_ 0o _Un_

m:...:...:...@...:...:...:.m.:...:...:...m ............. fﬁm..:...:...:..w - — 80+3Z°0

\ |
,,,,“ B
.m_
A
. . - . ..m.__ . B
m..ﬁ..:..:...@..:..:...:..L..:...:..:..@...:..:...:.. ﬂ..:..:...:.m L — 80+3¥ 0
‘g_w. -
. . . . . __w._ . ™
. . . . . f . B
\
§ L

ajueLe A LUONEBDHE A [BRPISaY AIUBLIBA-4

— 80+38°0




US 9,134,227 B2

Sheet 4 of 16

Sep. 15, 2015

U.S. Patent

L B4

(£ -HYd-wd3al awwng) ((od "1ea-4) " 7 WLOLDAYd S1d

0000% _u_”___”_mm _“__“___u_cm _”__u___umm _H_H___H_DN _“_H___um I _u_:__”:“_ L _u_u_ﬁ_m __u
| I P T P T T T S T L4 PRI L L N P TR
A painseaw
— 0
o 1&%&.\& -
T B el n
s&\,\w. —
. .xx\.m;,ks m
T ..swLﬂ.uss.\ ................ Hl.ﬁ—_“__uﬁ__.
) e =
e =
;..xax\x . n
................................. L.us.\x;.‘.._u................. — 0000z
“ P EETLTT- seig [
” Hxa.msx,. g9 Jal dds ¢
LT EES Ount ”&MWEE -
................ Lot CLESBen SERRGH
: T SiahE 0 -uonE@Eue] ¢ 0onoE
P 90966 8 1esyo F
” xxkkw., . eS80 ado|s -
Fod o Blusiia -
...................................................... e E) nooow¥

ZRGLEL 2018 = 08 (£'0Hvd-vd 391 swwng) .

A PaIdpald

(0d "1ea-x) "7 WLOLOMYd S1d



U.S. Patent Sep. 15, 2015 Sheet 5 of 16 US 9,134,227 B2

- PCT

e e e . -
o .
- . _N
- :
...... “ . | -
E o :C‘
@ .
= - = = o~
" = S
. L

PGE T

0.9 —
0.6
0.3 —

-0.3
-0.6



US 9,134,227 B2

Sheet 6 of 16

Sep. 15, 2015

U.S. Patent

z b4

7aL080' 2086 = 08 (£'0-Hvd-¥d3gt awwng) (Dd "Jea-A) " TZ IVI0L0MVd S1d

| _..w"._m_mw __.m...._.m:m mw.._n__m:m mw.m_mnm w:.m_w_.m m.m_m_.m
SoGRLIBA-X
- — goootL-
\,mm -
5 B
/1 -
\Rx. . _ — 0005~
m B
' m i
/Klf..f ,m_. = _”_
: ./w : {
: glLog ”,,f : ".__A_. B
. Y LF -
. Y L i
_ ' 7
: Y ! B
: e — 0005
” s -
m 6¥0E I
q 550§ | r
(g) sjuaioiyaon uoissatboy



US 9,134,227 B2

Sheet 7 of 16

Sep. 15, 2015

U.S. Patent

z b4
(B p A BIqRURA T T IWLOL0MYd S1d
_“__._Un_ mn_Un_ m__u__U_n_ E”__Un_ w:_Un_ 1] _Un_
S0d
R : 00000F,
: : ilnililllll .......... T, : B
. . IS . ", B
T e Ay |
) . N, )
....................................................... R R L No000¥
, . |
™,
.f.fe.f -
............................................................ ,ﬁr — 000009
_,,__ H
wf—

y : B
............................................................... Hfﬂ - OD00DDS
; : : : f : ra " 3
.......................................................................... A L -
| ” ” ” / Ve [ HED

v R
9 14 : i
2IUENIEA UOHEDIE A jENPISIY SJUBIIBA- A




US 9,134,227 B2

Sheet 8 of 16

Sep. 15, 2015

U.S. Patent

z 614

(S O-Hyd-vd3g1 swwng) [(Dd 1ea-4) "7 IWI0L0MVd S1d

000¥ 00DE 000z 0oL 0
A painseow
= & I . D
. . \u\@\\ﬁ%@\- :
T :
.15.1&\1& ................. HIDH_H:.
” 1;::%&.1.1....;1.\ - H
L -
o ilu.\m........,..‘.\x..\lnx” o m
“ ................. ..... sx.;xw\.uxt.x...a .... ................. G ﬁmmm,hm .mﬂmm » _H—_H_H—N
. . -~ = el : R -
“ a&u&kﬁh ceay 205 d38
“ ESZ6 I6¥ dASKWY [
SO S P grosesn  embgy [
: PIEPFED  UDIR[AUOD [
9696 BZ1L Hesyg b
p FAN 31 T Bdeg
i spswsig L
....................................................... @ _”__H_H-.—_-

A Palsipaid

Z9/0E0°70ES = 08 (£ o-Hyd-vd3al awwng) ((0d "1ea-A) U7 TVLOLMAVYd S51d



U.S. Patent Sep. 15, 2015 Sheet 9 of 16 US 9,134,227 B2

3

|
2

T
1

]

Lcores
]
T T T T T T T T T | T T T T T T T T T
1]
Fig. 3

................................. L pe
1

........... .. L b
o 1

o

2
T
3

PC

-0.3
-0.6




US 9,134,227 B2

Sheet 10 of 16

Sep. 15, 2015

U.S. Patent

¢ b4

L'SL0E 9620C GO E¥0E 6% 350E m_.“_._..__h_.._m 65 E80E m:.u.mm_um
] L 1 i 1

I L
SOITRHIEAX 0000 1-
?\ixxw
............................................................... R.....a/ 000%-
. xs\..;.... /
) &
.m.r!.rirn..-lal.‘llujlaf. ...\.\\.\
..x : e, m..\ _r H-
8108 ™~ s
“ f -
.../.f L_.,A,A.\s
................................... ..!f:f......&m&; ooos
” L | 1
Q frOE
S gaoal

(g} spuaisygaos uoissalbay




US 9,134,227 B2

Sheet 11 of 16

Sep. 15, 2015

U.S. Patent

¢ B4
B fa a|qeuep " Tz IW1LOLDHMYd S1d
ol _Un_ a0 _un_ a0 _u_n_ 0 _Un_ A _Un_ oo _Un_
50d
- — 0

k.n\%..,\a... S e w

. e =, C
.I l.....l.i.ih..i l..i.!!\rixl‘l T e .,:.x ................................ — _”__”__”__”__”_—<

: ™. -

N -

,../. -
............................................................ /ﬁ H|_“__“=“__”__“_N

Y =

y -
.............................................................. .d..__,_.,_ W|_“__“=“__”__“_m

4 =

4 _ -
................................................................. .ﬂ — gDoD0F

Y -

_f__ ].x.l.lllu -

Y e C
................................................................... B e — 000005

1 -

0 _ =
...................................................................................... - H_H—H—H—H-m

BOUBLIE A LUONEDIIE A [BROISOM SIIBLIEA- 4




US 9,134,227 B2

Sheet 12 of 16

Sep. 15, 2015

U.S. Patent

¢ Bi-

{F 0-HVYd-¥d47391 awwng) }{(0d "Jea-A) "7 IWLOL0MVd 51d

[1]1LAT A oood :n_m_. E..___..__. _”___”_m onG-
_ 1 L 1 1 _ 1 1 ] 1 1 1 1 H 1 1 1 L i ] 1 L 1 1 ] 1 _
A DBINSEoN
....................................................................... |.| H——HH— FI
b %.&Lkaml.aam M
] o = T = C 0
i I} = ‘..Wl.‘.un%mnw.\ —
. T O -
” P 2 -
0....11&51,&1{&1&15 ....................... Hl_”__“:“__.
o ﬁam%%..x...l . ” QiR BL- BB
. 115&:&5; ) “ . FELRERD 35 m
nx;&;”%at.ua _ “ . BBLE £8L AA5WY
..a.,h,fu,x.ﬁxx...” .......... o ...... ECFFLB O sienbs-H 0007
- : : .. : CHETBGRR 0 ‘UOCHB(8IID m
' ” : : : ECLED L A8sHO -
Hv : : : : pEGQLE O adojg -
i SSMIaIY
....................................................... m H—H—H-m

A papnpaid

SOCIBE FOEY = 08 {(£'0-HVd-¥dH9 L awwng) ((0d 1ea-A) "7 IW1L010MVd 51d



U.S. Patent

Sep. 15, 2015 Sheet 13 of 16

US 9,134,227 B2

PC1
|
4

Soores
]

Fig. 4

F2

0.6 —

-0.3
-0.b




US 9,134,227 B2

Sheet 14 of 16

Sep. 15, 2015

U.S. Patent

v B4

g 186l 19 oaae mm-m LaE ¥Z BEOE <G OG0t L8 £40€ 60 {60t

SoIqeBA-X

=
]
=
=
'."‘le

0ooot-

)

onaol

!
=
=
=
=
™




US 9,134,227 B2

Sheet 15 of 16

Sep. 15, 2015

U.S. Patent

i 'bi4

(23044 A|IQELEA T MVIOL0MVd S1d

AL _U_n_ 10 _U_n_ 00 _Un_

M S T~ ]
. ............... \ ...... ................ :.!.;J.,q.,.aff...#.f f L g0+3%°0

N R : — 60+301°0

2OUBLIEA UONEDIEA 1BNDIS3Y 2IUBLIBA-A




US 9,134,227 B2

Sheet 16 of 16

Sep. 15, 2015

U.S. Patent

p 614

£ 0HYyd-vd3gL ewang) ({nd 1ea-p) "4 1v10LDMVd S1d

0005C 0000z 00051 00001 0005 0
A painscafly
— 0
m | | m R
| “ ) | g e -
“ ” ” _ Pt [
. . . . il..\.sf_m.\ “
” ...&:\1....&1... m
xx.\,,‘.%kk..“ SRFY 9y sey [
_ L | | RS9 8GL | Has |
_ T oz ESZl  dHASWH [ 00D0Z
“ Pl erense 0 amenbgey [
T 9E2J96°0 Cuonejesses [
” 761 299 JEsEQ
p gLI756°0 adogg
: 07 suswAg |
A porparg | DODUE

FEGEOTFISS = 08 (£ 0HYd-¥YdIal swuwng) ((Dd 1eA-A) T4 IVI0LOAVd S1d



US 9,134,227 B2

1
METHOD FOR DETERMINING
POLYCYCLIC AROMATIC HYDROCARBON
CONTAMINANT CONCENTRATION

This application is the U.S. national phase of International
Application No.

PCT/EP2010/065911 filed 21 Oct. 2010 which designated
the U.S. and claims priority to European Patent Application
No.09174729.5 filed 2 Nov. 2009, the entire contents of each
of which are hereby incorporated by reference.

This patent application claims priority from European
Patent Application No. 09174729 titled “Method of determin-
ing Polycyclic Aromatic Hydrocarbon Contaminant Concen-
tration” and filed 2 Nov. 2009, the entire content of which is
hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to a device for determining
polycyclic aromatic hydrocarbon (PAH) concentration in a
solid state environmental sample using a multivariate regres-
sion model derived from diffuse reflectance infrared spectra
and reference PAH concentrations of known samples. The
method is capable of utilising diffuse reflectance infrared
spectrometry data taken directly from a soil, rock or solid
waste sample to predict PAH concentration in the sample.

BACKGROUND OF THE INVENTION

Most PAH substances are derived from incomplete com-
bustion, coke production and tar processing as well as crude
oil processing and storage. They are found in high concentra-
tions at sites of former or present industrial activity. PAHs
typically comprise several condensed aromatic rings (ben-
zene) of varying physical-chemical characteristics and toxic-
ity. The USEPA has identified 16 PAH congeneres as being
the most hazardous ones. Due to their formation process,
these 16 PAHs usually occur together with a large number of
co-contaminants (hydrocarbons, alkylated and substituted
aromatics, etc.) that have been considered as being of reduced
risk. PAH compounds can become environmental contami-
nants in soils, with implications for human and environmental
health, and may remain in the environment for extended
periods. The level and type of PAH contamination is difficult,
if not impossible, to determine by odour or visually unless
gross contamination has occurred, so that rapid and inexpen-
sive instrumental methods for the prediction of PAH com-
pounds in soils is desirable for the identification of such
hazards.

Urban areas with sites predominantly industrial in nature
are increasingly being replaced by residential development,
many of these sites, however, have been subjected to contami-
nation from oils, fuels and other hydrocarbons, such as PAHs,
and are therefore unsuitable for residential development
because of failure to meet with environmental protection
guidelines for acceptable concentrations of hazardous com-
pounds. These contaminants can often be remediated to
acceptable levels e.g. by removing contaminated soil but this
process can incur significant costs and furthermore, delays
caused by lengthy conventional PAH analysis in laboratories.

Current testing typically involves the extraction and instru-
mental analysis of the contaminant components in the soil
extracts. Testing of PAHs in soils is usually carried out using
high pressure liquid chromatography (HPLC) via solvent
extraction of the PAH components from the soil samples, or
by gas chromatography—mass spectroscopy (GC-MS), par-
ticularly for the more volatile PAH components, where analy-
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sis can take up to 40 minutes per run. This can be a major
disadvantage of conventional analysis, considering the time
and effort required for extraction and calibration, where a
number of hours may be required for a result with chroma-
tography.

A rapid, cost effective and potentially in-field method for
predicting PAH concentration in a site would provide signifi-
cant advantages in meeting the needs for contaminant quan-
tification and monitoring. Infrared spectrometry, through the
use of regression models, could offer a possible alternative
approach for the rapid analysis of soil contaminants. Infrared
spectroscopy distinguishes between chemical compounds by
detecting the specific vibrational frequencies of molecular
bonds, producing a unique infrared “spectral signature” thus
enabling its identification and quantification. Whilst most
existing infrared applications used to characterise hydrocar-
bon contaminants measure the spectra of infrared radiation
transmitted through a sample cell containing a sample extract,
considerable advantages can be achieved with reflection of
the infrared radiation directly from the soil sample surface.
One such method, diffuse reflectance infrared spectrometry
in the mid-infrared (MIR) and visible-near infrared (vis-
NIR), when coupled with multivariate chemometrics regres-
sion techniques such as partial least-squares (PLS), has been
used for the rapid analysis of agricultural soil analysis for a
large number of soil chemical and physical properties (Janik
etal. 1998 Aust. J. Exp. Agric. 38:681-696; Reeves et al. 1999
Journal of Near Infrared Spectroscopy 7(3):179-193; and
Cozzolino and Moron 2003 Journal of Agricultural Science.
Volume: 140 Pages: 65-71 Part: Part 1). When using Fourier
Transform based infrared spectrometers the method of dif-
fuse reflectance is called DRIFT.

Madari et al. describe the mid- and near infrared spectro-
scopic assessment of soil compositional parameters and
structural indices in two Ferralsols (J Geoderma 136(1-2)
245-259 (2006)). Bulk soil samples were analysed, e.g. for
soil organic carbon. Absorption bands of carbon in organic
bonds were found in the Mid-IR spectral range.

Infrared diffuse reflectance spectroscopy has been used to
develop diagnostic screening tests for PAHs in soils using
vis-NIR and an ordinal logistic regression method (Bray et
al., Australian Journal of Soil Research 2009, 47:433-442).
The above method differed from the present invention in that
only threshold level classes of these soil contaminants were
predicted, and that the regression models were based only on
the loose correlation between soil composition and PAH con-
centration, rather than specific PAH peaks identified in the
samples. Direct detection of PAH spectral peaks from NIR
spectroscopy was not made by these authors and formal MIR
analysis of PAHs was not carried out.

There are two potential problems with using diffuse reflec-
tance infrared spectrometry for soil contaminant analysis.
Some ofthe spectral peaks typically attributable to PAHs may
occur in frequency regions having overlap with naturally-
occurring soil organic matter (NOM), also called soil organic
matter (SOM) or soil organic carbon (SOC), or with certain
soil minerals. Also, due to the low concentrations usually
encountered in contaminated samples, the sensitivity of the
infrared for PAH predictions may be insufficient for accurate
quantitative purposes.

It was the object of the present invention to provide a
simple and rapid method with sufficient accuracy to deter-
mine PAH concentration in solid samples including soils.

SUMMARY OF THE INVENTION

The scope of the invention is described by the subject
matter of the claims.
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The subject matter of the following items are embodiments
of the present invention:

1. The use of a device for determining PAH concentration
in a solid state sample, which device comprises

a) means for exposing the sample to diffuse reflectance
infrared spectroscopy,

b) detecting means for recording at least one spectroscopic
parameter of infrared diffuse reflection of said sample, which
is a signal obtained at one or more frequencies within a range
of frequencies near (+/-10 cm™) those selected from the
group consisting of 3000-3100 cm™, 740, 777, 814, 842,
1430, 1510, 1600, 4055-4056, 4642-4646, 5924 and 5951-
5953 cm™", and

¢) computing means for performing data analysis by cor-
relating the at least one spectroscopic parameter with vari-
ables of a trained multivariate calibration model related to
PAH concentrations, thereby obtaining prediction of PAH
concentrations in the sample.

The device is preferably pre-calibrated using the multivari-
ate calibration model, ready to use for PAH determination.

2. Use according to item 1, wherein one or more signals are
obtained at frequencies near those selected from the group
consisting of 3022, 3047 and 3055 cm™".

3. Use of a device for determining PAH concentration in a
solid state sample, which device comprises

a) means for exposing the sample to DRIFT spectroscopy,

b) detecting means for recording at least one spectroscopic
parameter of MIR reflection of said sample, which is a signal
obtained at frequencies ranging from 3000 to 3100 cm™", and

¢) computing means for performing multivariate data
analysis by correlating the at least one spectroscopic param-
eter with variables of a trained system related to PAH con-
centrations, thereby obtaining quantitative calibration mod-
elling and prediction of PAH in the sample.

4. Use according to item 3, wherein one or more further
signals are obtained at frequencies selected from the group
consisting of NIR and MIR ranges at about 5953 cm™" (NIR),
4646 cm™" (NIR), 4065 cm™" (NIR), 3047 cm™" (MIR) and
3022 cm™' (MIR).

5. Use according to any of items 1 to 4, wherein said
multivariate data analysis is by multivariate regression analy-
sis.

6. Use according to any of items 1 to 5, wherein said
multivariate data analysis is by partial least square regression
analysis.

7. Use according to any of items 1 to 6, wherein a system is
used that is trained by employing either of

a) a calibration data set,

b) a calibration data set after removal of any outlier samples
identified by the use of PLS score versus score plots, or

¢) selection of separate calibration and test sets.

8. Use accordingto item 7, wherein the separate calibration
and test sets are selected for example using a PCA Euclidean
distance leverage method.

9. Use according to any of items 1 to 8, which further
comprises an internal calibration step performed by either
training by cross-validation of the sample data or prediction
of a test set from a selected calibration set.

10. Use according to item 9, which further comprises
upgrading the calibration by adding further calibration
samples of known PAH concentrations, to generate a recali-
brated model for determining PAH concentration.

11. Use according to any of items 1 to 9, for calibration
purposes to predict concentrations of either total PAH or of
individual PAH compounds.

12. Use according to item 11, wherein a method of training
a calibration system is employed, which comprises
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a) preparing a panel of diffuse reflectance infrared spectra
obtained by solid state spectroscopy of different samples,
having PAH concentrations at various levels in the range from
0 to 50,000 ppm, in some cases even up to 60,000 ppm, and

b) correlating the spectra with the PAH concentration in the
samples.

13. Use according to any of items 1 to 12, wherein the total
PAH concentration is determined.

14. Use according to any of items 1 to 12, wherein the
concentration of at least one individual PAH selected from
polynuclear aromatics is determined.

15. Use according to any of items 1 to 14, which device
comprises means for vis-NIR, NIR and/or MIR spectroscopy.

16. Use according to any of items 1 to 15, which device is
a hand-held device or production line device.

17. A method of determining PAH concentration in a solid
state sample, by using a device according to any of items 1 to
16.

18. Method according to item 17, wherein said sample is a
soil, rock, solid waste sample, or a material derived from such
sample, which sample is untreated as taken from the environ-
ment and optionally pretreated by drying, grinding and siev-
ing.

19. Method according to item 17 or 18, which is an in-field
or in-process determination method.

In a specific aspect, the present invention provides a device
for determining PAH concentration in a solid state sample,
comprising

a) means for exposing the sample to DRIFT spectroscopy,

b) detecting means for recording at least one spectroscopic
parameter of MIR reflection of said sample, which is a signal
obtained at frequencies ranging from 3000 to 3100 cm™, and

¢) computing means for performing multivariate data
analysis by correlating the at least one spectroscopic param-
eter with variables of a trained system related to PAH con-
centrations, thereby obtaining quantitative prediction of PAH
in the sample.

The device according to the invention preferably employs
one or more further signals obtained at frequencies in the NIR
and MIR ranges, such as at about 5953 cm™" (NIR), 4646
cm™ (NIR), 4065 cm™" (NIR), 3047 cm™" (MIR) and 3022
cm™' (MIR). Possible other preferred additional peaks are
expected near 1600, 1510, 1430, 842,814, 777 and 740 cm ™.

According to a preferred embodiment the device employs
said multivariate data analysis by partial least squares regres-
sion analysis.

Preferably the device according to the invention is used
with a system that is trained by employing either of:

a) a calibration data set,

b) a calibration data set after removal of any outlier samples
identified by the use of PLS or PCA score versus score plots,
or

c) selection of separate calibration and test sets, for
example, using a PCA Euclidean distance leverage method.

It is preferred that the device according to the invention
provides for the determination of the total PAH concentration
and/or individual PAHs in the samples.

The preferred device according to the invention further
comprises means for vis-NIR, NIR and/or MIR spectroscopy,
such as means for Fourier-Transform and non Fourier Trans-
form devices such as laser, filter and diode-array based instru-
ments, and for field-portable and hand-held infrared spec-
trometers.

The invention specifically refers to the use of the device
according to the invention for the specific purpose of deter-
mining a PAH concentration.
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According to another aspect of the invention there is pro-
vided a method of training a calibration system for use with a
device according to the invention, which comprises

a) preparing a panel of DRIFT spectra obtained by solid
state DRIFT spectroscopy of different samples, having PAH
concentrations at various levels in the range from 0 to 50,000
ppm, and

b) correlating the spectra with the PAH concentration in the
samples.

In a preferred embodiment said spectra range comprises
vis-NIR and/or MIR frequencies.

Another aspect of the invention refers to a method of deter-
mining PAH concentration in a solid state sample, comprising
the following steps

a) exposing the sample to DRIFT spectroscopy to obtain at
least one spectroscopic parameter of MIR reflection from said
sample, which is a signal obtained at a frequency within the
3000 to 3100 cm™" range, and

b) correlating the at least one spectroscopic parameter with
variables of a trained system, thereby obtaining quantitative
calibration and prediction of total PAH in the sample.

In a preferred determination method according to the
invention said trained system is obtainable by a training
method according to the invention.

Preferably said sample is a soil, rock or solid waste sample,
or materials derived from such samples, which is optionally
pretreated by drying, grinding and sieving.

In a preferred aspect the method according to the invention
employs a spectroscopic parameter, which is a signal
obtained at a MIR frequency ranging from 3000 to 3100
cm™.

The preferred method according to the invention further
comprises an internal calibration step, performed by either
cross-validation of the sample data or by prediction of a test
set from a calibration set selected by, for example, PCA
(principle component analysis) leverage based on Euclidean
distances.

Another preferred method according to the invention fur-
ther comprises upgrading the calibration by adding further
calibration samples of known PAH concentrations, and
repeating steps a) and b) above to generate a recalibrated
model for determining PAH concentration.

DESCRIPTION OF THE DRAWINGS

FIG.1: PLS cross-validation regression plots of (a) score-2
versus score-1, (b) regression coefficients, (c) residual vari-
ance for each factor, and (d) cross-validation predicted total
PAH for the full soil set in the range 0-40,000 mg/kg (ppm).

FIG. 2: PLS cross-validation regression plots of (a) score-2
versus score-1, (b) regression coefficients, (c) residual vari-
ance for each factor, and (d) cross-validation predicted total
PAH in the range 0-4,000 mg/kg (ppm).

FIG. 3: PLS cross-validation regression plots of (a) score-2
versus score-1, (b) regression coefficients, (c) residual vari-
ance for each factor, and (d) cross-validation predicted total
PAH in the range 0-2,500 mg/kg (ppm).

FIG. 4: PLS prediction regression plots of (a) score-2 ver-
sus score-1, (b) regression coefficients, (c¢) residual variance
for each factor, and (d) predicted total PAH for each soil for
the full soil set. The calibration model was based on soil
DRIFT spectra from 5 samples using a Euclidean distance
PCA leverage method.

DETAILED DESCRIPTION OF THE INVENTION

The term “polycyclic aromatic hydrocarbons™ (PAHs), as
used herein in relation to a potentially contaminated sample,
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is to be preferably understood to refer to substances compris-
ing of up to 16 aromatic compounds considered to belong to
the most important components of the group known as “poly-
nuclear aromatics”, i.e. naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoran-
thene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluo-
ranthene, benzo(k)fluoranthene, benzo(a)pyrene, dibenz(a,h)
anthracene, benzo(g,h,i)perylene and indeno(1,2,3-c,d)
pyrene.

Theterm “infrared” (IR) used herein in relation to radiation
absorbed by molecules in the frequency ranges 13,000-4,000
cm™ (near infrared—NIR) and 4,000-400 cm™! (mid-infra-
red—MIR). In infrared spectroscopy, a spectrum may com-
prise a series of absorbance peaks according to the vibrational
modes of the component molecules, giving a unique “signa-
ture” of the absorbing compounds. The term “diffuse reflec-
tance infrared” used herein, in relation to the recorded IR
spectrum, refers to a combination of the IR radiation reflected
by diffuse reflectance from the sample surfaces, which is
known as “specular” reflectance and from within particles in
the first few micrometres of the surfaces of the solid sample,
i.e.“volume” reflectance. As used herein, all wavenumbers
are expressed in cm™ units, and spectral intensities as pseudo
absorbance units (A) wherein A=Log Reflectance™.

The term “diffuse reflectance infrared spectra” as used
herein shall refer to spectra obtained as a result of diffuse
reflectance spectroscopy using infrared light. Particular dif-
fuse reflectance infrared spectra are obtained by Fourier
transform infrared spectroscopy (FTIR), which is then called
diffuse reflectance infrared Fourier transform (DRIFT) spec-
tra. FTIR spectrometers usually employ a computer dedi-
cated to controlling the spectrometer, collecting the data,
doing the Fourier transform and presenting the spectrum.
Hence, the invention that employs diffuse reflectance infrared
spectra, is herein always understood to particularly refer to
DRIFT spectra.

With respect to the specific frequencies of the diffuse
reflectance infrared spectra as used according to the invention
the term “about” or “near” a specific frequency shall mean
+/-10 cm™", preferably +/-5 cm™", more preferred +/-3 cm™!
or even +/-2 cm™" or +/-1 cm™. The term shall particularly
include the exact frequency value.

The present invention thus relates to a multivariate model
based on diffuse reflectance infrared spectroscopy of solid
state, e.g. whole-soil samples and reference PAH data, in
particular a partial least squares (PL.S) PAH prediction model.
This model is capable of using the diffuse reflectance infrared
spectrum taken directly from the surface of an unknown soil
sample to predict its PAH concentration.

Diffuse reflectance infrared spectra and reference PAH
data for known samples are used to generate PLS prediction
models for PAH concentration, and then the models are used
to predict the concentration of total and/or individual PAHs in
unknown samples from their diffuse reflectance infrared
spectra as inputs.

The PLS diffuse reflectance infrared method has not been
used before to determine PAH concentrations in solid state
samples. The use of diffuse reflectance infrared spectroscopy
on samples, such as whole soils, without extraction by sol-
vents, provides a great advantage of the method according to
the invention, which is the first known application of this
method for the determination of the PAH concentrations with
reasonable sensitivities. This is due largely to the use of PLS
regression and the sensitivity of diffuse reflectance infrared to
PAH compounds. By the inventive selection of the specific
MIR frequencies, according to the invention, spectral infor-
mation specific to the aromatic —C—H function groups in
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PAH was surprisingly identified near 3100-3000 cm™", in
particular two main peaks, one within the range of 3052-
3042, most preferably at about 3047, and the other within the
range of 3027-3017, most preferably at about 3022 cm™", that
allowed for the modelling and prediction of PAHs with an
accuracy of PAH determination which is useful for quantifi-
cation, i.e. the determination of PAH concentration, either
quantitatively or semi-quantitatively.

Further specific frequencies which were found to be spe-
cifically relevant for the determination of total or individual
PAH have been identified near 740, 777, 814, 842, 1430,
1510, 1600, 4055-4056, 4642-4646, 5924, and 5951-5953
cm™, e.g. as exemplified below.

In a particular aspect, the present invention provides a
method of predicting PAH concentrations in a sample of
unknown total PAH concentration or individual PAH compo-
nent concentration (the unknown sample), said method com-
prising the steps of:

(1) separately subjecting samples in a set of calibration
samples with known PAH concentrations to IR radia-
tion,

(ii) separately detecting the diffusely reflected IR spectrum
from the samples of known PAH concentrations,

(iii) setting up, training and optimising the spectral ranges
and PLS parameters for the calibration models from the
spectral data and the reference PAH calibration data,
preferably omitting any sample outliers.

(iv) selecting a PLS calibration model (the predictive
model) for predicting PAH concentrations based on the
PLS calibration model,

(v) subjecting the unknown sample to the same infrared
(IR) radiation,

(vi) collecting the diffuse reflectance infrared spectrum, for
example DRIFT, from the unknown sample,

(vil) applying the PLS calibration model to the diffuse
reflectance infrared spectrum from the unknown
sample; and thereafter

(viil) predicting PAH concentration in the unknown
sample.

Step (i) may be conducted directly on the sample (i.e.
without any pre-processing or pre-treatment of the sample),
but for some samples, it may be preferable to dry (e.g. to a
water content of less than 20%), crush, grind and/or sieve the
sample prior to exposure to the IR radiation, so as to ensure
sample uniformity and full exposure of material within the
sample aggregates to the IR beam. According to a preferred
method, e.g. for samples using laboratory-based infrared
equipment, samples such as soil, rock or solid waste samples,
or materials derived from such samples, are sieved <2 mm,
more preferred <1 mm. The particle size characteristics of the
sample may affect the “spectral definition” and apparent
intensity of the reflected IR signal of the adsorbed PAHs so
that sample grinding or other physical pre-process must be
taken into account.

For in-field measurements hand-held infrared instruments
may be preferable, which provide for scanning samples in-
situ, e.g. within the environment, or ex-situ, such as taken
from the environment, without any pre-processing, which
may speed up analysis. Therefore, a hand-held spectrometer
is preferably used to take the IR spectrum and read-outs onsite
without the need to draw samples or perform any sample
processing. Typical hand-held devices are known e.g. for
onsite detection of oil contamination in soil or for oil explo-
ration purposes. These devices may be adapted for the pur-
pose of the invention.

Further preferred devices are production-line devices, e.g.
devices for process controls, such as to determine contami-
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nants or undesired PAHs in solid materials. Exemplary pro-
cess controls by the inventive methods are useful as in-pro-
cess control, for instance, in waste processing, smoke or
combustion control, where solid materials, such as waste,
soot or carbon black is analysed for a PAH concentration in an
automated or semi-automated way.

Furthermore, it has been found that while the presence of
slight to moderate amounts of moisture can be dealt with by
the PLS method, the presence of excessive water may act as a
“mirror” on the sample surface thereby causing distortion or
reduction of the IR signals. Therefore, for some samples, it
may be preferred to partially dry the sample prior to subject-
ing the sample to IR scanning. Drying the sample is prefer-
ably conducted in air at a temperature of less than 40° C. so as
to avoid the volatilisation or modification of the PAHs. More
preferably, the drying of the sample is conducted at room
temperature.

Preferably, the use of the present invention is intended for
the prediction of total PAH concentration in a solid sample,
although it may also be applied to individual PAHs. Aromatic
compounds, typical of PAHs, usually give characteristic
—C—H vibrations near 3200-3000 cm ™" and aromatic ring
vibrations near 1580-1600 cm™, 1500 cm~* and 1360 cm™*.
However, some common sample matrices, such as soils often
comprise mineral components or NOM materials, including
aromatic NOM such as char and lignin that may cause inter-
ference in performing IR analysis of PAH. In particular, these
materials can mask or hide regions of the IR spectrum in
which aromatic molecular signals of contaminants are
located, preventing the differentiation or identification ofuse-
ful peaks. Quartz (i.e. sand) and clays can give strong IR
signals below 2000 cm™ near 1600 cm™ due to silicate
Si—O and Al-—OH combination/overtone vibrations. In
addition, water can absorb near 1630 cm™'. Natural soil
organic matter (NOM) usually contains proteins and amides
with —OC—NH groups with strong peaks at 1680 cm™ and
1530 cm™, and carboxylate (COO—) groups or carboxyl
(—COOH) groups with frequencies near 1600 cm™" and 1400
cm™', and nearto 1720 cm™", respectively. The methods of the
present invention are therefore based upon PLS modelling
techniques capable of discriminating between PAH and com-
ponents of the sample.

In step (ii) of the above described method, spectra are
collected from almost the entire diffuse reflectance infrared
spectral region. According to the invention, steps (iii) and (iv)
may be conducted on specific spectral regions with high
correlation with the PAH concentrations, thus basing the PL.S
models on only these regions such as the selected MIR peaks
according to the invention at 3100-3000 cm™!, optionally
together with other peaks in the NIR, or alternatively peaks in
the NIR range separate from MIR peaks, which would be
associated with the aromatic —C—H functional group. For
example, it turned out that the PAH sensitive peaks near 3047
cm™! avoid substantial overlap with those of naturally-occur-
ring materials in soils. It may as well be preferred to include
further peaks within the NIR and MIR ranges such as at about
5953 cm™" (NIR), 4646 cm™" (NIR), 4065 cm™" (NIR), 3047
cm™! (MIR) and 3022 cm™ (MIR). Possible other peaks are
expected near 1600, 1510, 1430, 842, 814,777 and 740 cm™,
in particular when determining high PAH concentrations up
to 40,000 ppm, for the purpose of multivariate analysis.

PLS models from regions outside this range are likely to be
correlated more with naturally occurring sample components
rather than PAH compounds and are therefore expected to
lead to less accurate performance. Some variation in the exact
location of a PAH peak may differ from that reported in the
literature.
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The basis of determining the PAH concentration usually is
a trained calibration model, preferably achieved through
training on the full calibration data set, after removal of any
outlier samples identified by the use of PLS score versus score
plots, or selection of separate calibration and test sets such as
by using a PCA Euclidean distance leverage method.

Preferably, the step of selecting the number of PLS factors,
which preferably is the optimum number of PLS factors, in
(iv) and generating a partial least squares (PLS) predictive
model for PAH concentration based on the selected number of
factors involves:

(1) Constructing a PLS model based on specified spectral

regions and corresponding PAH reference data,

(i) Optionally removing any outlier samples from the cali-
bration set according to indication of outliers in the PLS
score-versus-score map,

(iii) Finding the minimum total residual prediction error
for all calibration samples for increasing PLS latent
variables (factors),

(iv) Saving the model giving the smallest minimum total
residual prediction error for predictions.

Steps (i-ii) are repeated for a number of modelling options

and frequency regions.

Further samples may be added to the calibration model at
later dates to give the model a greater capacity to deal with
unknown samples having new or substantially different com-
position to the existing calibration. Alternatively, outlier
samples can be identified according to their distance from
neighbouring samples in PCA or PLS score versus score
plots, and removed prior to calibration. Calibration training
and testing is often achieved by a method called cross-vali-
dation where each sample in the calibration set is predicted
from all the others. Calibrations based upon small number of
samples may be unstable and incapable of achieving a fit with
the model parameters, leading to poor predictions. More
samples characteristic of the new unknowns may therefore
need to be added to the model. PLS models from a large
number of diverse further samples are expected to be more
robust, and therefore may be more broadly applicable to a
variety of unknown sample types. Indeed, it is expected that
calibrations performed on a very high number of further
samples may generate a universally applicable predictive
model. In contrast, a relatively few number of calibration
samples may be sufficient to model a certain region with
many samplings due to the similarities of the underlying
sample matrix in all the samples in the site. Alternatively, a
method of selecting separate calibration and test samples can
be carried out, for example based on ranking the samples
according to their PCA Cartesian distance leverages. Even
with a low number of calibration samples, preferably 4 to 6
samples, the robustness and stability of the PLS models can
thus be tested. In some cases, the PCA Cartesian distance
leverage method has been shown to be an efficient method for
generating a smaller and more robust calibration model than
the usual full cross-validation method.

In another aspect, the present invention provides a method
for generating the PLS model. For example, unknown uncon-
taminated samples, perhaps from the site being analysed, may
be spiked with known concentrations of PAH to provide
calibration samples of known PAH concentration. A model
thus derived may be generated by spiking samples of similar
composition, e.g. samples from the same site that are known
not to contain further hydrocarbons or co-contaminants, with
known concentrations of PAHs.

This method is particularly useful for training a calibration
system for use with a device according to the invention.
Specifically, a panel of diffuse relectance infrared spectra
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obtained by solid state diffuse relectance infrared spectros-
copy of different samples is employed characterized by PAH
concentrations at various levels in the range from 0 to 50,000
ppm, in some cases even up to 60,000 ppm. Preferably the
sensitivity of a robust method according to the invention for
total PAH and in some cases individual PAH determination is
such to quantitate values of at least 1000 ppm, 500 ppm, 300
ppm, 200 ppm, more preferred at least 150 ppm, still it is
preferred to determine quantities with a sensitivity of at least
100 ppm, 50 ppm or 25 ppm, or even lower than this limit. For
determining individual PAHs the sensitivity is typically even
less than 25 ppm, specifically less than 20 ppm, 15 ppm, 10
ppm, 5 ppm, 2.5 ppm or 1.5 ppm, even down to 0.1 ppm is
possible.

Itis preferable to account for a range of samples, such as of
different soil types, for example calcareous soils, sandy soils
and heavy clay soils, and in particular those soil samples with
high NOM concentration, e.g. 5-25%, which enables the
broad applicability of the PAH quantification in a variety of
soil samples.

Methods may be carried out by exporting the spectra into
chemometrics software, eg. Unscrambler™ Ver. 9.80 soft-
ware (CAMO Software AS, Oslo, Norway). PLS options such
as full “leave-one-out” cross-validation (Geladi and Kowal-
ski 1986, Analytica Chimica Acta 185:1-17), baseline correc-
tion and other pre-processing options are available with the
use of these and similar software applications in an attempt to
improve the models.

Asused herein, the performance of cross-validation regres-
sion was expressed in terms of the coefficient of determina-
tion (R?) and root mean square error of cross-validation (RM-
SECV), whereas RMSECV represents a measure of the
standard error (SE) of the method. The selection of optimal
regions of the infrared may be determined by performing
repetitive cross-validations of the predictive model with
changing frequency ranges and selecting the model giving the
highest R? and lowest RMSECYV. Care must be taken to use
the fewest number of PLS factors and thus avoid overfitting
the models prior to undertaking steps (v) to (vii).

Alternatively, the calibrated model may be used in place of
steps (i) to (iv) in methods of the second aspect for further
future calibration of the model. Each additional calibration
step may generate a more robust model which should provide
a lower error of prediction.

While the diffuse reflectance, in particular the DRIFT
methods of the present invention, may be suitable for provid-
ing a quantitative prediction of PAH concentrations in an
unknown sample, they may also be suitable for providing a
semi-quantitative assessment of polyaromatic concentration
in an unknown sample, thereby enabling classing of PAH
contamination for threshold limits by diagnostic screening of
contaminants.

Inaccordance with the method of the invention it is in some
cases preferred to determine individual PAHs, such as those
selected from the polynuclear aromatics. Therefore, a corre-
lation with concentrations of the individual PAHs is provided
at specific frequencies, such as those exemplified below. The
system is then preferably calibrated with the individual PAHs.

The methods described herein may be applied to the spatial
characterisation of a site, including the mapping of PAH
contamination throughout the site, for example the distribu-
tion of PAH leaking from a point source such as a fuel storage
supply or tar pits.

The methods also may be applied to determine the PAH
concentration together with, or in the presence of, other con-
taminants such as mineral oil or petroleum contaminants,
employing frequencies known in the art for those other con-
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taminants, preferably in a quantitative way. The combination
method is particularly suitable before sanitizing contami-
nated samples, such as soils.

IR spectroscopy using diffuse reflectance according to the
invention delivers a result of quantification within a few min-
utes. Easy to use devices preferably comprise laser, infrared
or LED sources to provide for the specifically selected IR
range only, thereby employing the method according to the
invention with a surprisingly good sensitivity. Specific
devices may be field-portable and hand-held spectrometers
designed to be used for rapid analysis in field sites using
untreated samples.

Thus, it is for the first time possible to quantitatively deter-
mine PAH concentrations using just one calibration set, e.g.
with a standard error of less than 15%, preferably less than
10%, 5%, 2.5% or 1%, even down to 0.5% and maximum
range of approximately 0-50,000 ppm, even up to 60,000
ppm, using only highly specific frequency ranges, near real-
time, and in the future possibly at some distance from the
spectrometer. In particular, the present invention is directed at
describing a diffuse reflectance PLS based method for pre-
dicting PAH contaminant concentrations in samples, suitable
for a quantitative accuracy of'the calibration depending on the
PAH concentration range, e.g. a standard error of less than
300 ppm for total PAH, at contaminating concentrations of up
to 2500 ppm, and a standard error of less than 1000 ppm PAH
at contaminating concentrations of up to 40,000 ppm,

In particular, the present invention is directed at describing
a diffuse reflectance PLS based method for predicting PAH
contaminant concentrations in samples, suitable for a quan-
titative standard error for total PAH of less than 1000 ppm,
500 ppm, 300 ppm or 200 ppm, more pretferred less than 150
ppm, still it is preferred to determine quantities with a stan-
dard error of prediction of less than 100 ppm, 50 ppm, 25 ppm
or even lower than this limit. For individual PAHs the quan-
titative standard error of the inventive method specifically is
even less than 25 ppm, specifically less than 20 ppm, 15 ppm,
10 ppm, 5 ppm, 2.5 ppm or 1.5 ppm, even down to 0.5 ppm is
possible.

The present invention is further illustrated by the following
examples without being limited thereto.

EXAMPLES
Example 1
PLS Prediction of Total PAH in Soils

Assessment of the use of mid-infrared spectroscopy and
partial least-squares analysis for the prediction of PAH con-
centration in soils.

SUMMARY

This is an example demonstrating the prediction of PAH
concentrations (as measured using HPL.C) in neat, whole
soils from mid-infrared (MIR) DRIFT spectra using partial
least-squares (PLS) chemometrics. By the PLS analysis,
using soil DRIFT spectra as calibration inputs, it can be
shown that DRIFT spectroscopy may offer some potential for
prediction of total PAH concentrations more rapidly and at
lower cost than with HPLC.

Spectral frequencies for at least two DRIFT spectral peaks
near 3047 to 3022 cm™" due to the —=C—H aromatic func-
tional group, were used as the independent variable inputs to
the PLS models used for cross-validation regression. Cross-
validation regression for 25 samples resulted in an R*=0.99,
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and an RMSECV=1061 ppm for the full-range concentration
range of 0-40,000 ppm. Reduction of the concentration
ranges, first to 20 samples in the range 0-4,000 ppm and then
19 samples in the range 0-2500 ppm, reduced the RMSECV
to 498 ppm (3-factors) and 287 ppm (4 factors) respectively.
A further reduction in RMSECYV to 216 ppm for the 0-2500
ppm range could be achieved using 5 factors.

The robustness and stability of the PL.S models was tested
using a very small set (five) of carefully selected calibration
samples to derive the calibration model in order to perform a
“true” prediction of the remaining samples as test samples
rather than using cross-validation. The basis for selection was
aranking of samples according to spectral Euclidean distance
leverages (according to an Unscrambler application) derived
from a principal components analysis (PCA) of the input data.
The accuracy of the “true” prediction was similar to that of
cross-validation for some analyses, with results sometimes
better and sometimes slightly worse than for full “leave-one-
out” cross-validation.

Introduction

Maximum levels of contamination levels for environmen-
tal, residential and industrial sites are controlled by govern-
ment legislation, and require that concentrations are mea-
sured within a specific time frame. This often raises problems
due to high cost and lengthy time constraints. Diffuse reflec-
tance mid-infrared Fourier transform (DRIFT) spectroscopy
has been shown to be a rapid and relatively inexpensive sur-
rogate to traditional reference laboratory methods for the
determination of soil properties from their spectra using par-
tial least squares (PLS) regression chemometrics. There is
therefore the possibility that this technology could be applied
to the prediction of total PAH concentrations in soils, and
furthermore used to indicate whether the levels of PAHs are
below, close to, or above critical PAH levels.

For some countries (e.g. Austria), the level for total PAH
can be as low as 300 ppm before the contaminated soil can be
disposed of. Environmental trigger values are even lower for
e.g. residential purposes and soils exceeding such concentra-
tions are classed as “contaminated” with regard to health.
Resulting remediation measures involve very frequently
removal of contaminated soil, treatment to reduce total PAH
concentration below disposal limit, and finally deposition at a
controlled landfill.

Different critical levels are legislated for the individual 16
PAH compounds that are associated with soil contamination,
and in some cases could be very low and below the detection
limit of an infrared-based method. However, the total PAH
concentrations, and in some cases concentrations of indi-
vidual PAHs, have been shown to be high enough in contami-
nated soils to be above the detection limits characteristic of
organic compounds by diffuse reflectance infrared.

Diffuse reflectance infrared-PLS has a potential to derive a
more specific predictive model targeted towards actual con-
centration prediction rather than just a classification of con-
tamination levels. The aspect of the work discussed in this
example was to prove that diffuse reflectance infrared-PLS
could be used to predict total PAH from soil spectra inputs
alone, while the resulting prediction errors are low enough for
the diffuse reflectance infrared-MIR method to be useful.

PLS calibrations are usually built from a large number of
samples, often >100, where the full sample set can be split
into separate calibration and test sets. Usually we would need
a reasonable sized calibration set to ensure robustness, and
sufficient flexibility to identify and reject high spectral or
analyte outliers and identify high-leverage outliers. If, how-
ever, we have a relatively small sample data set, we need to
maximize the efficiency of the modelling used for calibration
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training and testing, usually by using the “leave-one-out”
cross-validation method. This method works by predicting
each sample in turn as an “unknown” from calibration models
derived from the rest.

PLS cross-validation in small sample sets, while useful in
extracting the maximum information from the available
sample spectra and data, tends to give over-optimistic predic-
tion validation errors and so “true” prediction, using separate
calibration and test sets, are preferred if possible. The diffi-
culty here is “How do we pick a very few of the most repre-
sentative samples from a relatively small data set to form a
robust calibration?”, but still retain all the information from
the full spectral data in this small calibration set. With regard
to the number of samples available for calibration training
with a small calibration set, there is a trade-off. Either we have
enough calibration samples to fully model the spectral set but
not enough samples to test the model, or a sufficient number
of'test samples but not enough to form a good calibration. One
simple answer is to use a Euclidian distance based leverage
method, derived from principal components analysis (PCA)
of input data, to rank the samples to select the calibration
samples.

Materials & Methods

Soils were passed through a 2 mm mesh, dried overnight at
40° C. and then ground using a ball mill for spectral analysis.
Sub-samples were poured into aluminium microplates in a
Bruker HTS infrared diffuse reflectance accessory (Ettlingen,
Germany) and the top surfaces of the powdered soils levelled.
Spectra were recorded on a Bruker Tensor 37 spectrometer
from 8000 to 400 cm ™ at a resolution of 4 cm™", but only the
mid-infrared portion from 4000 to 500 cm™' or specific
ranges within this portion was used for PLS analysis.

The spectrometer was equipped with a germanium-coated
KBr beam splitter, a high intensity ceramic source, and a
Mercury Cadmium Telluride (MCT) liquid nitrogen cooled
detector. Background reference scans were performed by
reflection from the surface of a silicon carbide (SiC) disk,
assumed to have a reflectivity of 1 (100%), and the spectral
intensities of the soils expressed in absorbance units
[Absorbance=log(Reflectanceg, /Reflectance,,,, ;)]

Chemometrics analysis was carried out by exporting the
spectra into chemometrics software, eg. Unscrambler™ Ver.
9.80 software (CAMO Software AS, Oslo, Norway). PLS
options such as full “leave-one-out” cross-validation (Geladi
and Kowalski 1986, Analytica Chimica Acta 185:1-17), base-
line correction and other pre-processing are available with the
use of these and similar software applications in an attempt to
improve the models. As used herein, cross-validation regres-
sion statistics were expressed in terms of the coefficient of
determination (R?) and root mean square error of cross-vali-
dation (RMSECYV). Alternatively, calibration sample selec-
tion was carried out by using the Unscrambler V9.8 “APSpec-
troscopy, StdSelect” add-on application. This application is
based on a Euclidian distance based leverage method, derived
from principal components analysis (PCA) of input data.

Experimental

1 Samples

The 16 PAH species, identified as contributing signifi-
cantly to total PAH, the soils used for analysis, and the HPL.C
reference total PAH concentrations are presented in Table-1.
For DRIFT spectra, soils were scanned as approximately 50
mg of dried and ground neat subsamples, in a HTS equipped
Bruker Tensor 37 FTIR spectrometer in the full spectral range
from 8000 to 400 cm™'. Single beam spectra for each soil
were referenced against a SiC reflecting disk and converted to
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Log(1/T) units (pseudo absorbance). Spectra and PAH data
were entered into an Unscrambler Ver.9.8 (Software AS,
Oslo, Norway) spreadsheet for PLS analysis.

TABLE 1

The 16 PAH species identified as being significant, the soils
used for analysis and reference total PAH concentrations.

Acronym PAH NAME
1 NAP naphtalene
2 ACY acenaphthylene
3 ACE acenaphthene
4 FLU fluorene
5 PHE phenanthrene
6 ANT anthracene
7 FLT fluoranthene
8 PYR pyrene
9 BaA benzo (a) anthracene
10 CHY chrysene
11 BbF benzo (b) fluoranthene
12 BKF benzo (k) fluoranthene
13 BaP benzo (a) pyrene
14 DBA dibenz (a,h) anthracene
15 PER benzo (g,h,i) perylene
16 IND indeno (1,2,3-¢,d) pyrene
Soil name Total TPH
1 ABWO08034 196
2 AST08030 3648
3 EWWO08031 851
4 INDO08033 161
5 K26_1 4
6 K26_2 217
7 K26_3 7579
8 K26_4 39770
9 K26_5 535
10 K26_6 49
11 K26_17 176
12 K26_8 214
13 K26_9 4807
14 K26_10 7323
15 K26_11 202
16 K26_12 1542
17 K26_13 2353
18 K26_14 251
19 K26_16 508
20 K26_17 1673
21 KUHO08027 1395
22 RAF08032 19270
23 W35_2 178
24 W35_3 143
25 W35_4 382

2 Data Regression Analysis

PLS regression analysis was carried out on the soil DRIFT
spectra by modelling the reference total PAH against the input
spectral intensities by using the Unscrambler PL.S-1 applica-
tion. Calibration models were derived either by full “leave-
one out” cross-validation, or as “true” prediction models
using selected calibration samples. Calibration samples for
the “true” predictions were selected from the full data set of
samples using the User-defined add-on application APSpec-
troscopy StdSelect (Unscrambler V9.8, Camo Software AS,
Oslo, Norway) and the “test” (validation) samples were the
remaining set. The APSpectroscopy StdSelect application
works by selecting the required number (N_) of calibration
samples from a full data set by ranking the PCA derived
Euclidean distance leverages of all the samples and then
selecting these from the highest N samples.

Results

1. PLS Cross-Validation Prediction of Total PAH from Soil
Drift Data

PLS cross-validation prediction of the full total PAH range
with the NIR plus MIR spectra (6 factors, 10, 000-600 cm™)
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was good, with an R?=0.92 but the RMSECV error was high
(2,452 ppm) and required 7 PLS factors. Reduction of the
concentration range to 0-4,000 ppm and omission of the NIR
spectral range to only the MIR (4,000-600 cm™) gave an
R?*=0.66 and RMSECV=565 ppm for 6 PLS factors. It
appeared that the larger spectral ranges were insensitive to
low total TPH concentrations.

Further calibrations were run using a very much reduced
spectral range to only the aromatic —C—H stretching fre-
quencies near 3047 and 3022 cm™". FIGS. 1, 2 and 3 describe
the regression results for the cross-validation of a range of
total PAH concentrations: 0-40,000 ppm, 0-4,000 ppm and
0-2,500 ppm, respectively. The regression for the full concen-
tration range resulted in an R*=0.99 and an RMSECV=1,061
ppm for 3 factors. Reducing the concentration range to 0-4,
000 gave a reduced accuracy, with an R*=0.74 using 5 factors
and the same frequencies, but a better RMSECV=498 ppm.
Lowering the concentration range even further to 0-2,500
ppm gave an even lower RMSECV=287 ppm for 4 factors and
with an R?=0.82. Increasing the number of PLS factors to 5
improved the RMSECYV to 216 ppm, but with increased risk
of over-fitting the calibration.

Calibration over-fitting results in models that are specific to
only the current set of data being used. The model may there-
fore be unstable and lack robustness because many redundant
frequencies are not available to account for outliers. It is
uncertain whether these cross-validation results can be con-
sidered as indicating good or poor prediction potential. The
R? and RMSECV values for the 0-2,500 ppm range were
indicative of being sufficient for RMSECV below 300 ppm.
When considering the 0-1,000 ppm range, samples
EWWO08031 (851/310 ppm), K26-16 (508/265 ppm) and
W35-4 (382/149 ppm) gave false negatives (indicated as ref-
erence/predicted). Two sample in the 0-300 ppm range
(W35-3 (143/430 ppm), K26-1 (4/188 ppm) gave false posi-
tives. Interestingly, when regressing the full data set, in spite
of'the high overall RMSECYV, there was only one false nega-
tive in the 0-300 ppm range; sample W35-4 with a reference
value 0of 382 ppm and predicted value of 259 ppm. In spite of
these reservations, the results of the analysis confirmed the
most important spectral regions to be used in future PLS
developments, the most likely chemistry in the samples cor-
relating with the PAHs and a likely-hood of success with large
data sets.

2. PLS Prediction of Total PAH from Selected Soil Drift
Calibration Samples

The APSpectroscopy StdSelect application in Unscram-
bler (see Experimental above) was used to select five calibra-
tion samples (EWWO08031, IND08033, KUH08027, W35-3
and K26-4) for the PLS calibration model, with the remaining
20 samples being allocated to the “test” set. This resulted in
prediction regression with an R*=0.97 and RMSEP=1,263
ppm. FIG. 4 depicts the results of the PLS prediction of HPLC
total PAH data using the five soil DRIFT calibration samples
described above.

Again, the main peaks correlating with total PAH were at
3047 and 3022 cm™", typical of aromatic compounds. While
sample W35-4 was the only sample to be predicted as a false
negative (382/194 ppm) in the 0-1,000 ppm range, there was
a high offset (687 ppm) in low total PAH values, rendering
this assessment uncertain.

Conclusions

DRIFT PLS regression models were shown to be able to
predict total PAH concentrations in whole neat soils in the
concentration range of 0-40,000 ppm. The optimum frequen-
cies near 3047 cm™" and 3022 cm™! were consistent with the
assignment of PAH aromatic —C—H vibration. Use of this
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peak for PAH prediction appears to overcome, to a large
extent, problems with contributions from natural soil organic
matter.

While cross-validation for the full concentration range
resulted in an excellent R>=0.99, the RMSECV was high at
1,061 ppm. Reducing the concentration range to 0-2,500 ppm
reduced the RMSECYV to 287 ppm, close to the limit of 300
ppm. Only three samples in the 0-1,000 ppm range were
predicted as false negatives, showing that the DRIFT method
is potentially capable of achieving useful accuracies for total
PAH concentrations in whole, neat soils.

An excellent regression was also obtained using a calibra-
tion set of 5 Euclidean distance leverage-selected samples
and a prediction set of the remaining 20 samples. This
resulted in an R?=0.97 and prediction error of 1,263 ppm for
the full concentration range. While not as good as the cross-
validation results, the results confirmed that useful, robust
calibrations for prediction were possible.

Example 2

PLS Calibrations for Individual PAH Compounds in
Soils

There is often a need to be able to predict the concentra-
tions of individual PAH compounds, in addition to total PAH,
e.g. in response to a preference of remediation companies for
individual PAH predictions rather than just total PAH con-
centrations. There is therefore a question as to the ability of
the proposed infrared PLS method to address this need, par-
ticularly for some of the minor but relatively hazardous com-
pounds such as BaP (tens of mg/Kg), as the calibration error
for total PAH may be less than 300 mg/Kg for a range of
0-2,500 mg/Kg. Nevertheless, there may be an advantage as a
rapid screening tool even though individual PAH may not be
predicted with the highest accuracy.

According to the USEPA, 16 main PAH compounds have
been identified as posing hazardous risk in the environment,
herein called polynuclear aromatics (see Table 1). Concen-
trations in the environment are usually in the sub-ng/cm?
amounts. It was suggested that PLS regression for the indi-
vidual PAHs, particularly Naphthalene (2-ring), Phenan-
threne (3-ring), Fluoranthene (4-ring), and Benzo(b)fluoran-
thene (5-ring) could also be viable. This example presents the
results of tests to determine PLS regression models for each
of the determined PAH compounds.

Experimental

Spectra

A total of 25 soils containing the 16 PAH compounds were
scanned on a Bruker FTIR as previously reported in the full
spectral range from 8000 to 670 cm™!. Spectra were entered
into an Unscrambler spreadsheet for PCA and PLS regression
analysis.

Data Analysis

PCA and PLS regression analysis was carried out using the
Unscrambler software V9.8 (CAMO Software AS, Oslo, Nor-
way). Redundant spectral frequencies, or those that did not
contribute significantly to the regression, were selectively
removed from analysis in order to optimize the models. Out-
liers were removed from the initial 25 samples.

Results

PLS regression results are depicted in Table 2 below for
each of the individual PAH compounds using the reference
HPLC data in the models.
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TABLE 2

Results of PLS regression for individual PAH determination

PAH Number
Concentration ~ Number of  of outlier PLS RMSECV
PAH Range (mg/Kg) samples samples Factors R2 (mg/Kg) PLS model MIR peaks (cm™)
1 Naphthalene (NAP 11000 24 3 0.966 413 3045 3021
2 Acenaphthylene (ACY)
3 Acenaphthene (ACE) 5100 24 3 0973 176 3053 3047
4 Fluorene (FLU) (1-OL 2700 24 1 4 0.968 100 3055 3049 3022
5 Phenanthrene (PHE) 8000 24 4 0951 367 3055 3051 3020
6 Anthracene (ANT) 360 22 2 3 0.973 12.5 3051 3047 3021
7 Fluoranthene (FLT) 5900 24 1 3 0.984 165 3051 3047
8 Pyrene (PYR) 3650 25 3 0.969 136 3049 3020
Pyrene (PYR) repeat 3500 24 1 3 0.983 103
9 Benzo-anthracene (BaA) 550 24 3 0.981 32 3055
Benzo-anthracene (BaA) repeat 120 23 1 6 0.797 16.5
10 Chrysene (CHY) 560 24 1 3 0.955 24.4 3053 3045
11 Benzo (b) fluoranthene (BbF) 40 23 2 3 0.919 2.7 3053
12 Benzo (k) fluoranthene (BkF) 32 24 1 3 0.702 4.17 3053 3047 3010
13 Benzo-pyrene (BaP) 73 25 4 0.805 9.25 3051 3020 740
14 Dibenz (a,h) anthracene (DBA) 7.1 23 2 3 0.398 143 3055
15 Benzo (g,h,i) Perylene (PER)
16 Indeno (1,2,3-c,d) pyrene (IND) 14 24 1 4 0.59 2.59 3057
RMSECYV = Root Mean Square Error in Cross-Validation
Peaks in bold are the strongest peaks. Peaks not in bold are observed as weak shoulders.
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CONCLUSIONS

The results presented above suggest that the spectral infor-
mation of individual PAHs, particularly near 3045 cm™", con-
tains sufficient information to allow them to be quantified by
diffuse reflectance mid-infrared spectroscopy. Most indi-
vidual PAH calibrations appear to be successful but the lower
concentration, higher ring number, PAHs are more difficult to
determine accurately. The PLS modelling for BaP and some
of'the minor PAHs also look good, but correlation with other
major PAHs should not be discounted. Diffuse reflection
infrared spectroscopy with PLS regression therefore appears
to be feasible for individual PAH compounds, depending on
concentration ranges, chemistry and molecular structure.

The invention claimed is:

1. A method for determining PAH concentration in a solid
state sample, which method comprises

a) exposing the sample to diffuse reflectance infrared spec-
troscopy,

b) recording at least one spectroscopic parameter of infra-
red diffuse reflection of said sample, which is a signal
obtained at one or more frequencies within a range of
frequencies (+/-10 cm™") selected from the group con-
sisting of 3000-3100 cm™', 740, 777, 814, 842, 1430,
1510, 1600, 4055- 4056, 4642-4646, 5924, and 5951-
5953 cm™", and

¢) performing data analysis by correlating the at least one
spectroscopic parameter with variables of a trained mul-
tivariate calibration model related to PAH concentra-
tions, thereby determining PAH concentrations in the
sample.

2. The method according to claim 1, wherein one or more
signals are obtained at frequencies about those selected from
the group consisting of 3022, 3047 and 3055 cm™*.

3. The method according to claim 1, wherein said multi-
variate data analysis is by multivariate regression analysis.

4. The method according to claim 3, wherein said multi-
variate data analysis is by partial least square (PLS) regres-
sion analysis.

5. The method according to claim 1, wherein a system is
used that is trained by employing either of

a) a calibration data set,
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b) a calibration data set after removal of any outlier samples
identified by the use of PLS score versus score plots, or
¢) selection of separate calibration and test sets.

6. The method according to claim 5, wherein the separate
calibration and test sets are selected by using a PCA Euclid-
ean distance leverage method.

7. The method according to claim 1, which further com-
prises aninternal calibration step performed by either training
by cross-validation of the sample data or prediction of a test
set from a selected calibration set.

8. The method according to claim 7, which further com-
prises upgrading the calibration by adding further calibration
samples of known PAH concentrations, to generate a recali-
brated model for determining PAH concentration.

9. The method according to claim 1, for calibration pur-
poses to predict concentrations of either total PAH or of
individual PAH compounds.

10. The method according to claim 9, wherein a method of
training a calibration system is employed, which comprises

a) preparing a panel of diffuse reflectance infrared spectra

obtained by solid state spectroscopy of different
samples, having PAH concentrations at various levels in
the range from 0 to 50,000 ppm, and

b) correlating the spectra with the PAH concentration in the

samples.

11. The method according to claim 1, wherein the total
PAH concentration is determined.

12. The method according to claim 1, wherein the concen-
tration of at least one individual PAH selected from poly-
nuclear aromatics is determined.

13. The method according to claim 12, wherein said sample
is a soil, rock, solid waste sample, or a material derived from
such sample, which sample is untreated as taken from the
environment and optionally pretreated by drying, grinding
and sieving.

14. The method The method according to claim 12, which
is an in-field or in-process determination method.

15. A method for determining PAH concentration in a solid
state sample, which method comprises

a) exposing the sample to DRIFT spectroscopy,

b) recording at least one spectroscopic parameter of MIR

reflection of said sample, which is a signal obtained at
frequencies ranging from 3000 to 3100 cm™!, and
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¢) performing multivariate data analysis by correlating the
at least one spectroscopic parameter with variables of a
trained system related to PAH concentrations, thereby
obtaining quantitative calibration modelling and deter-
mination of PAH in the sample.

16. The method according to claim 15, wherein one or
more further signals are obtained at frequencies selected from
the group consisting of NIR and MIR ranges at about 5953
cm™! (NIR), 4646 cm™" (NIR), 4065 cm™" (NIR), 3047 cm™"
(MIR) and 3022 cm™" (MIR).
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